Pentatricopeptide repeat (PPR) proteins form the largest known RNA-binding protein family, and are found in all eukaryotes, being particularly abundant in higher plants. PPR proteins localize mostly to mitochondria and chloroplasts, and many were shown to modulate organellar genome expression on the posttranscriptional level. While the genomes of land plants encode hundreds of PPR proteins, only a few have been identified in Fungi and Metazoa. As the current PPR motif profiles are built mainly on the basis of the predominant plant sequences, they are unlikely to be optimal for detecting fungal and animal members of the family, and many putative PPR proteins in these genomes may remain undetected. In order to verify this hypothesis we designed a HMM-based bioinformatic tool called SCIPHER (Supervised Clustering-based Iterative Phylogenetic Hidden Markov Model algorithm for the Evaluation of tandem Repeat motif families) using sequence data from orthologous clusters from available yeast genomes. This approach allowed us to assign twelve new proteins in S. cerevisiae to the PPR family. Similarly, in other yeast species we obtained a five-fold increase in the detection of PPR motifs, compared to the previous tools.
Introduction
The whole-genome sequencing project of the model land plant Arabidopsis thaliana revealed the existence of an unexpectedly large protein family with no ascribed functions for most of the hundreds of its members (Small and Peeters 2000; Lurin et al. 2004 ). The characteristic feature of all proteins grouped into this family is the presence of tandem repeats of a degenerated 35-amino-acid motif, usually containing the entire domain architecture signature is significantly different between various eukaryotic lineages, the plant model of a PPR motif will fail to detect many non-plant members of this family and the total number of PPR proteins in fungi or animals could be profoundly underestimated.
In this study we readdressed the question of PPR proteins encoded by non-plant eukaryotic genomes. We designed a sensitive and reliable method to search for pentatricopeptide repeat proteins (and other divergent repetitive proteins) using an approach combining iterative HMM profile refinement and expert assesment of results, applied it to the PPR protein family in 14 yeast species for which a complete genome sequence was available, and detected nearly two hundred new putative members.
As the PPR proteins prove to be among the most divergent in orthologous comparisons between different yeast species, we also decided to address one possible cause of this rapid divergent evolution experimentally, using the well-characterized S. cerevisiae Dmr1 protein as a model. Our results indicate the possible role of intragenic genetic interactions among different PPR motifs in accelerating the evolution of the pentatricopeptide-repeat proteins.
Materials and Methods

Yeast genomic data
Genome sequences of 14 yeast species were used in this study: Saccharomyces cerevisiae, Saccharomyces castellii (Cliften et al. 2003) , Candida glabrata (Koszul et al. 2003) , Vanderwaltozyma polyspora (Scannell et al. 2007) , Kluyveromyces lactis (Zivanovic et al. 2005) , Kluyvromyces waltii (Kellis, Birren, Lander 2004) , Ashbya gossypii (Dietrich et al. 2004) , Pichia guilliermondii, Candida albicans (Jones et al. 2004) , Pichia stipitis (Jeffries et al. 2007) , Debaryomyces hansenii (Dujon et al. 2004) , Clavispora lusitaniae, Yarrowia lipolytica (Dujon et al. 2004) and Schizosaccharomyces pombe (Wood et al. 2002) . The nonredundant database of protein sequences contained a set of 67943 translated open reading frames downloaded via SRS (EBI) from UniProtKB/TrEMBL databases. Genome sequences of S. castellii, K. waltii and C. lusitaniae are not annotated, thus open reading frames of particular homologous sequences were derived using tBLASTn (NCBI). In total, sequences of 41 translated ORFs from these species were gradually appended to the created protein database after each iteration of the SCIPHER search, when new orthologous group were defined.
Building orthologous groups
Homologous sequences for particular proteins were found using BLASTp (NCBI) with default parameters. Clustering of proteins into orthologous groups was manual according to several general rules:
-Assessment of a direct orthology was based on the reciprocal BLAST hypothesis: sequence X from species A is considered as a direct ortholog of sequence Y from species B if a BLASTp search with X as a query hits Y in the first place and BLASTp search with Y as a query hits X in the first place.
-Direct orthology relationships were propagated according to the following rule: if A is a direct ortholog of B and B is a direct ortholog of C then A is a direct ortholog of C (and all sequences belong to the same orthologous group).
-Sequences were considered as in-paralogs if they fulfilled the following criterion:
Sequence X and sequence Y from species A are in-paralogous if a direct ortholog of sequence X from species B is the same as a direct ortholog of sequence Y.
Initial definition of yeast PPR motif signature
The PPR model of the first iteration was constructed from an alignment of 194 motifs derived from direct orthologs of Pet309p (102 motifs), Dmr1p (66 motifs) and Aep3p (26 motifs) from the analyzed genomes (34 sequences). Motifs were detected using TPRpred (Karpenahalli, Lupas, Soding 2007) . A hidden Markov model was constructed using hmmbuild program (Eddy 1998) from the EMBOSS package (Rice, Longden, Bleasby 2000) .
The search was performed with hmmsearch program with default parameters (combined evalue threshold <10).
True positivity criteria (TPC)
When the results of HMM searches for PPR motifs using the SCIPHER procedure were analyzed, it was expected that previously unknown PPR proteins would be detected. A sequence was considered as a new PPR protein if the search results fulfilled three predefined true positivity criteria:
-At least two statistically significant motifs must to be found within the sequence (combined e-value < 10).
-At least two statistically significant motifs must be found in at least one other direct ortholog of this sequence (any other sequence in the orthologous group in the defined phylogenetic cluster).
-Motif hits must not overlap with other previously annotated tandem repeat motifs (e.g. TPR, HAT). However, if statistical significance of the PPR hits is higher than the significance of other tandem repeat motif hits in the same region of the protein (as evaluated in proper control search), this condition may be omitted.
Control searches
Control models of TPR and HAT motifs were constructed using two sets of true positive TPR (2822 sequences) and HAT (957 sequences) hits derived from the Pfam database (Finn et al. 2006) . Hidden Markov models were constructed as described previously and used in control searches of the same protein database as SCIPHER searches for PPR proteins and with the same search parameters.
Comparing rates of sequence divergence between proteins
The dataset of TPR proteins contained 30 proteins being best hits in a control search for yeast TPR proteins using the list of Pfam true positive TPR motifs. The dataset of mitoribosomal proteins contained 37 and 12 proteins constituting small and large subunit of the yeast mitochondrial ribosomes, respectively. The dataset of RRM (RBD) sequences consisted of 22 proteins containing at least two RRM motifs per protein found in PROSITE (Sigrist et al. 2010) . The dataset of PUF (Pumilio) sequences consisted of 6 proteins containing 5-8 PUF motifs each found in PROSITE. All sequences were derived from the UniprotKB/SwissProt database. Orthologous sequences were obtained by a series of BLASTp searches (NCBI). Sequence similarities between orthologous pairs were calculated as the percentage of identities in pairwise alignments. Data for PPR proteins were obtained by calculating sequence similarities between orthologs of Dmr1p, Pet309p, Aep3p, Rpm2p, Rmd9p, Cbp1p, Msc6p, Pet111p, Yer077cp, Atp22p, Aep2p, Sov1p and Aep1p. Wholegenome interspecies distributions of sequence conservation between pairs of orthologs were obtained from (Dujon et al. 2004 ).
Yeast strains, media and plasmids
Standard yeast media and basic genetic methods were as described previously (Dujardin et al. 1980; Burke, Dawson, Stearns 2000) . Yeasts were transformed using either the rapid or high-efficiency LiAc/SS-DNA/PEG protocol (Gietz and Woods 2002). The dmr1! strain DPPR1 (MAT !, ade2; trp1; ura3; leu2; his3; dmr1::kanMX4; ]) (Puchta et al. 2010) was crossed to the isogenic wild-type strain W303/A/520 (MAT a, ade2; trp1; ura3; leu2;  his3; [rho + ]) (Rogowska et al. 2006) to create the DDPPR1 diploid, which was subsequently transformed with the pDMR1-2µ plasmid (Puchta et al. 2010) containing the entire DMR1 genomic region cloned in YEplac195 (2", URA3) vector. This strain was then sporulated and haploid spores carrying the dmr1::kanMX4 deletion were obtained yielding the HS-DPPR strain (MAT !, ade2; trp1; ura3; leu2; his3; dmr1::kanMX4 
Error-prone PCR and construction of the mutated library
Random mutagenesis of the DMR1 gene was performed by an error-prone PCR reaction using Diversify PCR Random Mutagenesis Kit (Clonetech, Cat.# 630703) with buffer condition 3, as described in the user's manual and DMR1_LBam (5'-ATGGATCCTTCCTTGTCGCACATTATCTTACT) and DMR1_RPst (5'-ATCTGCAGTACCTACTATATCGACCACTACGGG) primers described previously (Puchta et al. 2010) . PCR products were digested with BamHI and PstI and cloned into the YCplac111 (2", LEU2) vector (Gietz and Sugino 1988) . The obtained plasmid library was amplified and transformed into the HS-DPPR strain. Counterselection to induce the loss of the URA3 pDMR1-2µ vector carrying the wild-type DMR1 gene was then performed by passaging transformed clones on media containing uracil (20 µg/ml) and 5-fluoroorotic acid (5-FOA, 1 mg/ml) twice.
In vivo labeling of mitochondrial translation products
The procedure was carried out as described previously (Funes and Herrmann 2007 Figure S1) . In Saccharomyces cerevisiae, in addition to previously known PPR proteins (Pet309p, Dmr1p and Aep3p), in which new motifs were identified, the SCIPHER search unveiled the existence of 11 additional family members. These are Rpm2p, Rmd9p, Rmd9Lp, Cbp1p, Yer077cp, Atp22p, Msc6p, Pet111p, Aep2, Sov1p, and Aep1p
( Figure 3 ).
In the case of S. cerevisiae we performed another extrapolation step, identifying motifs which, while failing to give significant hits with HMM profiles directly, share significant sequence similarity with regions identified as PPR motifs in orthologous sequences from other yeast genomes. These could represent very divergent, possibly degenerate PPR motifs.
They were identified in 13 of the 14 identified PPR S. cerevisiae proteins (light gray boxes in Rmd9p, which is also localized in mitochondria, is an extrinsic membrane protein facing the matrix side of the mitochondrial inner membrane (Nouet et al. 2007 ). Rmd9p interacts physically with mitoribosomes (Williams et al. 2007 ) and it was proposed to play a role in the processing and stability of mitochondrial mRNAs, most probably by delivering mtRNAs to the translation machinery (Nouet et al. 2007 ). Yeast species that had undergone wholegenome duplication (post-WGD species: S. cerevisiae, S. castellii, V. polyspora and K.
glabrata) retained a paralog of Rmd1p (named Rmd9Lp), however its molecular function still remains unknown.
Cbp1p, another newly identified putative yeast PPR protein, is involved in the processing pathway of COB mRNA (Dieckmann, Pape, Tzagoloff 1982; Dieckmann, Koerner, Tzagoloff 1984) . This protein interacts with the 5'-UTR of COB mRNA and has a role in its stability and translation (Islas-Osuna et al. 2002) . It was shown that at the inner mitochondrial membrane Cbp1p was associated with Pet127p -a putative 5'-3' exoribonuclease (Krause et al. 2004 ). In S. cerevisiae Cbp1p 5 PPR motifs were found, while the highest number of motifs was detected in the V. polyspora ortholog (8 motifs).
The product of YER077C ORF (Yer077cp) was suggested to be a member of PPR protein family in S. cerevisiae by previous bioinformatic studies ( Lurin et al. 2004 ). This protein still remains uncharacterized, although it is known to localize to mitochondria, and null mutants Msc6p was previously identified in a whole-genome screen for mutants displaying unequal sister chromatid exchange during meiosis (Thompson and Stahl 1999 Figure S1 ). The maximum number of motifs was found in an ortholog from V. polyspora, where 6 motifs were detected.
Pet111p is a well-known regulatory protein localized in the inner mitochondrial membrane where it plays the role of a translational activator specific for COX2 mRNA (Poutre and Fox 1987; Mulero and Fox 1993; Bonnefoy, Bsat, Fox 2001) . At the same time Pet111p negatively regulates translation of COX3 mRNA, in opposition to Pet122p, Pet494p
and Pet54p (Naithani et al. 2003) . 6 PPR motifs were found in the sequence of Pet111p from S. cerevisiae during the SCIPHER analysis.
Aep2p ( In addition, several other PPR proteins were found to be encoded by genomes of species from the C. albicans clade. These proteins fall into three separate orthologous groups.
Proteins from one group are related to Zea mays PPR protein CRP1 (Fisk, Walker, Barkan 1999), while others exhibit similarity to KIN11 from Arabidopsis thaliana -an SNF1-related protein kinase involved in signal transduction (Bhalerao et al. 1999 The remaining detected PPR proteins were not assigned into any orthologous group, as many appear unique or do not exhibit significant similarity with other known proteins.
This brief analysis indicates that both previously known and newly identified PPR proteins of S. cerevisiae localize to the mitochondrion, in agreement with whole-proteome localization studies (Huh et al. 2003 ) and single-gene analyses, and most of them are implicated in the expression of mitochondrial genome, which is expected for this family.
Yeast PPR proteins undergo rapid evolution
As the initial assessment of alignments suggested that PPR proteins show significant divergence even in closely related species, we compared pairwise sequence identities Three independent clones exhibiting slower growth at normal temperature and no growth at the restrictive temperature on respiratory medium were identified and analyzed by sequencing.
One of the hypomorphic mutants, named dmr1-1, was found to carry a single nonconservative amino acid substitution (D785V) in one of the PPR motifs identified by SCIPHER analysis. This residue appears to be highly conserved, all the members of Saccharomycotina that retain homology in this region have aspartate in this position, and a conservative substitution to glutamate is found in S. pombe (Taphrinomycotina) ( Figure 5A ).
The remaining two clones shared identical amino acid sequence of the DMR1 gene and were further treated as one mutant, named dmr1-2. It was found to carry the same D785V substitution as dmr1-1 plus an additional substitution T351A. This latter residue is not conserved itself, but is located within a conserved PPR motif (Fig. 5A ).
The effect of the single D785V substitution (dmr1-1) and double T351A, D785V substitution (dmr1-2) on the function of Dmr1p was assessed by analyzing growth on respiratory media at permissive and restrictive temperature ( Figure 5B ) and the rate of mitochondrial translation ( Figure 5C ), measured by 35 S labeling in vivo in the presence of cycloheximide (Materials and Methods). The host strain HS-DPPR carrying the wild-type DMR1 gene was used as a positive control, while the dmr1! DPPR1 strain was used as a negative control.
Both mutant strains show no respiratory growth at the restrictive temperature. At the permissive temperature the respiratory growth of the single dmr1-1 mutant is visibly impaired, while that of the double mutant dmr1-2 is closer to the positive control (Fig. 5B) .
The second T351A mutation has, therefore, partially alleviated the strong hypomorphic phenotype of the D785V substitution. Similar conclusions can be drawn from the analysis of mitochondrial translation, carried out at the permissive temperature (Fig. 5C ) using galactose as a carbon source. While the single D785V substitution in the dmr1-1 mutant has a visible strong effect on mitochondrial protein synthesis (about two-fold reduction), the presence of the second T351A mutation in dmr1-2 restores nearly wild-type translation product levels.
The effect of dmr1-1 and dmr1-2 alleles on the mitochondrial translation, was, however, much less evident when either glycerol or glucose were used as carbon sources (not shown).
These results indicate that the phenotype of a mutation in one PPR motif can be partially alleviated by second-site mutations affecting another motif (pseudoreversion). Such intragenic genetic interactions can be expected if different motifs contribute to the same function (RNA-binding) in a cooperative fashion. These genetic interactions could also drive rapid divergence of protein sequences in evolution -when one of the motifs is changed by mutation, mutations in other motifs may be necessary to retain optimal function. This mechanism could therefore explain, at least in part, the observed divergence of PPR protein orthologs in yeasts revealed by our analyses.
Discussion
Previous bioinformatic whole-genome searches for members of PPR protein family uncovered only three bona fide PPR proteins in yeast S. cerevisiae (Small and Peeters 2000; Lurin et al. 2004; Puchta et al. 2010) . However, as the motif signatures used were based mainly on plant sequences, they turned out to be not optimal for detection of non-plant PPR proteins. The presence of additional non-canonical motifs in some known non-plant proteins had already been reported e.g. in case of the PPR protein family from Trypanosoma brucei.
The authors suggested that in virtually all cases sequence alignments as well as secondary structure predictions clearly implied that structurally similar regions adjoin known PPR motifs within particular protein sequences (Pusnik et al. 2007 ).
Iterative HMM models were proposed previously for structure prediction ( Figure 5
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